Introduction
============

Cachexia (involuntary loss of muscle and fat mass) is a common complication of many chronic conditions including cancer, chronic heart failure, lung disease, and renal disease.[@b1] In the setting of cancer, it is associated with poor tolerance to therapy, decreased quality of life, and increased mortality.[@b2] In spite of its significance, there are currently no treatments for this condition. Nutritional supplements alone do not reverse cachexia,[@b1] resistance training may improve muscle strength and lean body mass, but it is not commonly prescribed to patients in this setting,[@b3] and medications such as progestational agents are often used but have been shown to increase only fat mass and can cause deep vein thrombosis, adrenal insufficiency, and hypogonadism.[@b4] An increase in muscle proteolysis and a decrease in protein synthesis driven by activation of the ubiquitin-proteasome,[@b5] mitogen-activated protein (MAP) kinases,[@b6] and myostatin pathways[@b3] among others have been identified as central processes in tumour-induced cachexia, but the pathways leading to these have not been fully characterized.[@b7]

Cisplatin is a chemotherapeutic agent that is part of the standard of care for the treatment of several cancers including lung, head and neck, ovary, testicular, and bladder cancer, and paradoxically, it is known to induce weight and muscle mass losses.[@b8] We have recently reported the mechanisms by which cisplatin alters lipid metabolism thereby causing fat atrophy, including an increase in lipolysis and lipid oxidation and a decrease in lipogenesis.[@b8] However, the extent to which muscle protein synthesis and degradation are affected in this setting and the mechanisms mediating these effects have not been characterized. Given that cachexia is often a dose-limiting side effect of cisplatin and other chemotherapeutic agents, treating or preventing cachexia would allow the use of higher, more effective doses of cisplatin.

Ghrelin, the endogenous ligand for the growth hormone secretagogue receptor (GHSR)-1a, has been proposed as a potential therapeutic target for cachexia, having the potential to increase appetite, fat, and muscle mass.[@b9],[@b10] Although its mechanisms of action have not been fully elucidated, an increase in food intake and decrease in energy expenditure via hypothalamic effects,[@b11],[@b12] a decrease in inflammation,[@b13] an increase in GH,[@b14] and direct effects in adipose tissue[@b15] and skeletal muscle[@b16] are thought to potentially mediate these effects.

In this study, we established the effects of ghrelin in the setting of chemotherapy- and tumour-induced muscle wasting and characterized the pathways involved. We studied these two models to determine the extent to which these mechanisms were differentially modulated, looking at gene and protein expression as well as their functional impact and their effect on survival. Because multiple pathways are likely to play a role in mediating ghrelin\'s effects, we postulated that several targets would be modulated by ghrelin in these settings.

Materials and methods
=====================

Animals
-------

Adult (age 90 ± 10 days) c57bl/6 J male mice were used for all experiments. Animals were individually housed, acclimated to their cages and human handling for 1 week before the experiments, and maintained on a 12/12 light/dark cycle (lights on at 6 a.m.). All experiments were conducted with the approval of the Institutional Animal Care and Use Committee and were in compliance with the National Institutes of Health Guidelines for Use and Care of Laboratory Animals. Sample sizes of 8--10 animals/group were used for all experiments.

Acylated ghrelin was used for all *in vivo* and all *in vitro* studies. For the cisplatin-induced cachexia model, animals received vehicle (saline), cisplatin, acylated ghrelin + cisplatin, or acylated ghrelin. Cisplatin was purchased from APP Pharmaceuticals (Schaumburg, IL), and rodent acylated ghrelin was synthesized by Anaspec (Fremont, CA). The dose of cisplatin was 2.5 mg/kg given daily for 10 days at 8:30 a.m. intraperitoneally (IP), and the dose for ghrelin was 0.8 mg/kg twice daily IP at 8 a.m. and 5 p.m. for 21 days. The morning dose of acylated ghrelin was given 30 min before cisplatin. This particular dose of cisplatin and acylated ghrelin was selected based on our previous work that showed cisplatin-induced weight loss and anorexia without over toxicity, and prevention of anorexia, fat atrophy, and weight loss by ghrelin.[@b8]

For the Lewis lung carcinoma (LLC)-induced cancer cachexia model, 100 mcl (1 × 10^6^ cells) of LLC cells (American Type Culture Collection, Manassas, VA) or an equal volume and number of heat-killed LLC cells (control) was injected subcutaneously into the right flank. Ghrelin (tumour + ghrelin, T-G group) or vehicle (saline, tumour + vehicle, T-V group) was injected subcutaneously into the left flank of mice from Day 7 after LLC implantation, when the tumour became palpable (approximately 1 cm in diameter). The dose for ghrelin was 0.8 mg/kg twice daily at 8 a.m. and 5 p.m. Mice were sacrificed on Day 28 of LLC implantation, approximately 21 days after tumour had become palpable.

Body weight and food intake were assessed daily by weighing the food and the animals before the a.m. injection. Body weight changes were expressed as change from baseline, and food intake was expressed in grammes/day. Lean body mass and fat mass were measured by nuclear magnetic resonance (NMR) with a Minispec mq NMR spectrometer (Bruker optics, The Woodlands, TX). Grip strength was measured with a grip strength metre with digital force gauge (Columbus Instruments, Columbus, OH).

Hind-leg muscles \[quadriceps, gastrocnemius, soleus, tibialis anterioris (TA), and extensor digitalis longus\] were collected for analyses. Comparisons between groups (i.e. muscle cross-sectional area and gene or protein expression) were always done from the same muscles. Muscle weights were normalized by lean body mass at baseline. For the LLC-induced cachexia model, body weight and lean body mass were expressed as weight after tumour weights were subtracted and expressed as change from baseline.

Cell culture
------------

C2C12 (ATCC, Manassas, VA) myoblasts were maintained in Dulbecco\'s modified Eagle medium (DMEM) (Life Technologies, Grand Island, NY) with 10% foetal bovine serum (HyClone, Logan, UT), penicillin (200 units/mL), and streptomycin (50 µg/mL) (Invitrogen, Carlsbad, CA). At 90% confluence, the media was changed to DMEM plus 2% horse serum (Life Technologies, Grand Island, NY) to induce myotube formation. Cells were treated with cisplatin (50 μM), acylated ghrelin (1 μM) or both on Day 3 when myotube formed and were harvested 24 h after.

Real-time quantitative polymerase chain reaction
------------------------------------------------

RNA from gastrocnemii or cultured C2C12 myotubes was isolated (Trizol reagent, Life Technologies, Grand Island, NY). Transcript levels were measured by real-time PCR (7000 Sequence Detection System; Applied Biosystems). Total RNA was reverse transcribed (QuantiTect Reverse Transcription Kit, Qiagen, Valencia, CA) to cDNA. Primers for real-time PCR amplification used are from Sigma-Aldrich (St. Louis, MO; see Supporting Information, *Table S1*). Signals are expressed relative to glyceraldehyde-3-phosphate dehydrogenase using the standard 2^-ΔCT^ method.

Western blot
------------

Protein from gastrocnemii or myotubes was isolated using tissue lysis/extraction reagent or cell lysis reagent (Sigma-Aldrich, St. Louis, MO) with protease inhibitor and phosphorylation protease inhibitor cocktails (Roche, Nutley, NJ). Protein concentration was measured using Pierce BCA Protein Assay (Thermo Scientific, Logan, UT). Nuclear protein was isolated using EpiQuik Nuclear Extraction Kit (Epigentek Farmingdale, NY). After Phosphate Buffered Saline (PBS) washing, cells were scraped and centrifuged. Cell pellets were re-suspended in 100 μL of diluted NE1 \[1X, 1:1000 ratio dithiothreitol (DTT) solution and Protease Inhibitor Cocktail (PIC)\] and incubated on ice for 10 min, then vortexed and centrifuged for 1 min at 24000 g. The cytoplasmic extract was removed from the nuclear pellet, and two volumes of NE2 containing DTT and PIC (1:1000 ratio) were added to the nuclear pellet. The extract was incubated on ice for 15 min, vortexing samples for 5 s every 3 min. The transcription factors C/EBP-β and FOXO1 were assessed in nuclear extracts given that they bind to specific DNA sequences controlling transcription to mRNA in the nuclei. We separated protein extracts on 4--12% NuPAGE gels (Invitrogen, Carlsbad, CA) and blotted them onto Immobilon Polyvinylidene Fluoride (PVDF) (Millipore, Billerica, MA). Membranes were blocked at room temperature (RT) for 1 h in 5% Bovine serumalbumin (BSA) and incubated in 1ry antibodies overnight at 4°C. DyLight 680/800 anti-rabbit/mouse/goat IgG 2ry antibodies were used (Thermo Scientific, Waltham, MA) for 1 h at RT. After three washes in TBST, blots were scanned with LI-COR Odyssey (LI-COR, Lincoln, NE) and quantified with Image-Pro plus.

The following antibodies were used to assess by western blots protein levels representing key steps in the pathways of interest: *p*-Akt (Ser 473, cat\#4060), *p*-p38 (T180, cat\#9212), p38 (cat\#4511), FOXO3a (cat\#9464), C/EBP-β (cat\#3084), and glyceraldehyde-3-phosphate dehydrogenase (cat\#2118) from Cell Signaling (Beverly MA); myoD (cat\#12344), myosin (cat\#M4276), myostatin (GDF8, cat\#1403860), and A/C lamin (cat\#L9393) from Sigma-Aldrich; and Akt (cat\#8312) and atrogin-1/MAFbx (cat\#33782) from Santa Cruz Biotechnology (Santa Cruz, CA).

Protein synthesis and degradation
---------------------------------

Protein synthesis was measured from the incorporation of [l]{.smallcaps}-\[3,5-3H\]tyrosine (5 μCi/mL; PerkinElmer, Waltham, MA) into cellular proteins during a 24 h incubation as described elsewhere.[@b7],[@b8] Myotubes were then washed three times with ice-cold PBS before adding 10% trichloroacetic acid (TCA) to precipitate proteins. After three additional PBS washings, the precipitate was rinsed twice with TCA and solubilized by sonication in lysis solution (1% Triton X-100 and 1 N NaOH). The incorporation of radiolabeled tyrosine radioactivity was measured using liquid scintillation (Beckman Coulter, Brea, CA), and protein concentration was measured using Pierce BCA Protein Assay.

[l]{.smallcaps}-\[3,5-3H\]tyrosine (5 μCi/mL; PerkinElmer, USA) was added to C2C12 myotubes and incubated 24 h. After rinsing by fresh 2% horse serum DMEM, the myotubes were treated with vehicle (PBS), cisplatin (50 μM), and cisplatin (50 μM) + ghrelin (1 μM). Aliquots (200 μL) of culture media were taken at specified times for quantization of [l]{.smallcaps}-\[3,5-3H\]tyrosine release. Proteins were precipitated at 4°C with 10% TCA and centrifuged at 37000 g for 5 min. The precipitate was rinsed twice with TCA and solubilized by sonication in lysis solution (1% Triton X-100 and 1 N NaOH). Radioactivity in the TCA-soluble supernatant and the proteins (TCA-insoluble fraction) were measured using liquid scintillation counting. At the end of the chase period, cells were rinsed twice in PBS and precipitated at 4°C in 10% TCA, and the radioactivity in cell protein was measured as described above. Total radioactivity is the sum of the residual radioactivity in cell proteins and the TCA-soluble radioactivity at different time points. Protein degradation was expressed as [l]{.smallcaps}-\[3,5-3H\]tyrosine released as a percentage of total [l]{.smallcaps}-\[3,5-3H\]tyrosine incorporated.

Immunofluorescence staining
---------------------------

Frozen TA muscles sections or C2C12 myotubes were fixed with 4% paraformaldehyde. After three Tris Buffered Saline Tween-20 (TBST) washings, slides were blocked for 1 h (Dako North America, Inc., Carpentaria, CA). The primary antibody (1:100) dilution was incubated overnight at 4°C. Alexa Fluor 488 or 546 secondary antibodies (Life technologies, Grand Island, NY) were used with 1:1000 dilutions and incubated 1 h at RT. 4\'6-Diamidino-2-phenylindole (Cell Signaling) was used to stain nuclei.

To assess differences in cross-sectional areas of myofibers, 8 µm sections of TA muscles were stained with an anti-laminin antibody (Sigma-Aldrich). The areas of at least 500 myofibers (x100 magnification) per TA muscle were measured. In studies of C2C12 myotubes, after being stained with anti-myosin/myosin heavy chain (Skeletal, Fast, Sigma-Aldrich), the areas of 200 myotubes were measured in at least 10 fields (×100 magnification).

Proteasome assay
----------------

As previously described,[@b17] *gastrocnemius* was homogenized in lysis buffer (20 mM Tris--HCl \[pH7.2\], 0.1 mM EDTA, 1 mM 2-mercaptoethanol, 1 mM DTT, 5 mM ATP, 20% glycerol, 0.04% (v/v) Triton X-100). The lysate was centrifuged, and the supernatant was collected. Protein concentration was determined using the Pierce BCA Protein Assay Kit. The chymotrypsin-like proteasome activity was determined fluorometrically by incubating 40 µg protein with 0.167 µg/μL N-succinyl-Leu-Leu-Val-Try-7-amido-4-methylcoumarin (N-Suc-LLVY-AMC, Sigma-Aldrich) in incubation buffer (100 mM Tris--HCl \[pH7.4\], 50 mM HEPES \[pH8.0\], and 5 mM ethleneglycoltetraacetic-acid) for 1 h at 37°C.

Luciferase assay
----------------

The myostatin luciferase reporter gene recombinant plasmid was provided by Dr Allen.[@b18] The Tranfectin Lipid Reagent (Bio-Rad, Hercules, CA) was used for the recombinant plasmid transfection to C2C12 myoblasts. When the cells are 80% confluent, the complexes of DNA (recombinant plasmid and Renilla internal reference, phRLTK- luc, Promega, Madison, WI) and transfection solutions were added to cells. After a 6 h incubation, myoblasts were treated with vehicle (PBS), ghrelin (1 μM), cisplatin (50 μM), and cisplatin (50 μM) + ghrelin (1 μM). For transient expression, assay for reporter gene activity was measured 24 h after transfection. The dual-luciferase reporter assay system (Promega) was used for detecting luciferase activity.

Statistical analysis
--------------------

SPSS 18.00 software for Windows (SPSS Inc., Chicago, IL) was used for all statistical analysis. Parameters are expressed as mean ± standard error of the mean. Statistical comparisons were performed using one-way ANOVA followed by Tukey test adjustments for multiple comparisons. *P* values of 0.05 or smaller were considered statistically significant. The authors certify that they comply with the ethical guidelines for authorship and publishing of the Journal of Cachexia, Sarcopenia and Muscle.[@b19]

Results
=======

Effect of ghrelin on body weight, muscle mass, and myofiber size changes caused by LLC tumour or cisplatin
----------------------------------------------------------------------------------------------------------

Both LLC and cisplatin induced a significant decrease in body weight compared with control animals, whereas ghrelin administration prevented these changes (*Figure* [A](#fig01){ref-type="fig"} and [B](#fig01){ref-type="fig"}). Lean body mass was also decreased by LLC, and cisplatin and ghrelin also prevented these changes (for the LLC model, change from baseline for heat-killed + vehicle \[HK + V\] 95.70 ± 4.30%, tumour + vehicle \[T + V\] 83.80 ± 1.52%, and tumour + ghrelin \[T + G\] 96.47 ± 2.04%, *P* \< 0.05; for the cisplatin model, change from baseline for vehicle \[V\] 100.39 ± 0.41%, cisplatin \[C\] 83.41 ± 0.78%, cisplatin + ghrelin \[C + G\] 93.39 ± 0.61%, and ghrelin \[G\] 110.20 ± 0.92%, *P* \< 0.01) All muscles in the hind leg showed significant atrophy, and this was also prevented by ghrelin (*Figure* [1C](#fig01){ref-type="fig"} and [D](#fig01){ref-type="fig"}). Paralleling the changes in muscle mass, grip strength was significantly decreased by tumour implantation and cisplatin, and these changes were also prevented by ghrelin, highlighting the functional impact of these interventions (*Figure* [1E](#fig01){ref-type="fig"} and [F](#fig01){ref-type="fig"}). Cachexia in these two models was associated with a decrease in daily food intake that was also prevented by ghrelin (for the LLC model, HK + V 3.55 ± 0.13 g/day, T + V 2.74 ± 0.16 g/day, and T + G 3.23 ± 0.08 g/day, *P* \< 0.05; for the cisplatin model, V 3.67 ± 0.05 g/day, C 2.55 ± 0.09 g/day, C + G 3.12 ± 0.05 g/day, and G 4.05 ± 0.06 g/day, *P* \< 0.01), suggesting that one of the mechanisms mediating ghrelin\'s effects is by decreasing anorexia. LLC implantation and cisplatin administration induced a significant decrease in myocyte cross-sectional area in TA muscles, and this was prevented by ghrelin (see Supporting Information, *Figure S1*A--D, for LLC model, *P* \< 0.05; for the cisplatin model, *P* \< 0.05). LLC implantation and cisplatin also decreased fat mass significantly as measured by NMR. These changes were prevented by ghrelin (for the LLC model change from baseline for HK + V 85.25 ± 0.75%, T + V 32.80 ± 5.13%, and T + G 57.53 ± 5.01%, *P* \< 0.01; for the cisplatin model change from baseline for V 101.70 ± 1.34%, C 60.92 ± 2.51%, C + G 85.75 ± 0.93%, and G 116.66 ± 1.45%, *P* \< 0.01).

![Ghrelin improves tumour and cisplatin-induced cachexia. (A) Changes in body weight in the Lewis lung carcinoma (LLC)-induced cachexia model. HK-V represents the group injected with heat-killed (HK) LLC and vehicle. T-V (tumour + vehicle) and T-G (tumour + ghrelin) groups represent animals inoculated with LLC (10^6^ cells) receiving vehicle (saline) or ghrelin (0.8 mg/kg twice daily), respectively. The change is expressed as % from baseline. The carcass weight represents the weight after subtracting the tumour mass. (B) Changes in body weight in cisplatin-induced cachexia. V, vehicle-treated group; C, cisplatin-treated group; CG, cisplatin + ghrelin-treated group; G, ghrelin-treated group. The change expressed as % from baseline. (C) Quadriceps, gastrocnemius, soleus, tibialis anterioris (TA), and extensor digitalis longus (EDL) muscle mass normalized to baseline lean body mass (LBM) weight by nuclear magnetic resonance in the LLC-induced cachexia model. (D) Muscle mass in cisplatin-induced cachexia. (E) Grip strength % change from baseline compared to HK-V group in LLC-induced cachexia. (F) Grip strength change in cisplatin-induced cachexia. Unadjusted muscle weight changes in both models (not shown) follow the same pattern as adjusted muscle weight changes shown in *Figure* [1C](#fig01){ref-type="fig"} and [D](#fig01){ref-type="fig"}.](jcsm0006-0132-f1){#fig01}

Proteolysis and proteasome activity
-----------------------------------

Tumour implantation and cisplatin administration were associated with an increase in the expression of the ubiquitin ligases MAFbx/Atrogin-1 and muscle ring finger-1 (MuRF-1) (*Figure* [2A](#fig02){ref-type="fig"}--D); whereas, the markers of muscle differentiation MyoD and myogenin were decreased by LLC and cisplatin. These changes were prevented by ghrelin suggesting that ghrelin-decreased proteolysis and increased muscle mass are mediated at least in part through these pathways. Also, to confirm the relevance of the changes in atrogin-1/MuRF-1 seen in these models, we measured the proteasome activity directly. As shown in *Figure* [2E](#fig02){ref-type="fig"} and [F](#fig02){ref-type="fig"}, cisplatin and LLC tumour implantation increased proteasome activation, and this was also prevented by ghrelin. The transcription of Atrogin-1 and MuRF-1 is increased in part by dephosphorylation of the transcriptional factor Fox-O1-3, which is in turn regulated by the central mediator Akt. LLC inoculation and cisplatin decreased the phosphorylation of Akt (*Figure* [2C](#fig02){ref-type="fig"} and [D](#fig02){ref-type="fig"}), suggesting that this pathway is involved in LLC and cisplatin-induced muscle atrophy.

![Ghrelin increases protein synthesis markers and decreases proteolytic markers and proteasome activity induced by tumour or cisplatin administration. mRNA levels of MyoD, myogenin, atrogin-1/MAFbx, MuRF-1, and myostatin in Lewis lung carcinoma (LLC)-induced cachexia (A) and in cisplatin-induced cachexia (B). mRNA levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed as fold change from controls. Protein levels measured by western blot (I) in LLC-induced cachexia (C) and in cisplatin-induced cachexia (D). Quantification of Atrogin-1/MAFbx (II) and Myostatin (III) was normalized to GAPDH, p-Akt (IV) to total Akt, and p-p38 (V) to total p38. Proteasome activity in LLC-induced cachexia (E) and in cisplatin-induced cachexia (F) expressed as arbitrary fluorescence units/µg protein. HK-V, heat-killed (HK) LLC + vehicle. T-V (tumour + vehicle) and T-G (tumour + ghrelin) groups represent animals inoculated with LLC (10^6^ cells) receiving vehicle (saline) or ghrelin (0.8 mg/kg twice daily), respectively. V, vehicle-treated group; C, cisplatin-treated group; CG, cisplatin + ghrelin-treated group; G, ghrelin-treated group.](jcsm0006-0132-f2){#fig02}

Myostatin was up-regulated by LLC inoculation or cisplatin, and these changes were also abolished by ghrelin. Also, the MAP kinase p38 is believed to mediate protein degradation in cancer cachexia by activating atrogin-1 directly and through up-regulation of myostatin.[@b7] Phosphorylated p38 levels were increased by LLC inoculation or cisplatin administration, and this was prevented by ghrelin.

Pro-inflammatory cytokines
--------------------------

Inflammation plays a role in muscle wasting through activation of p38 and down-regulation of Akt among other mechanisms,[@b20],[@b21] and ghrelin has been proposed to have anti-inflammatory effects in non-cancer settings.[@b13],[@b22] Serum levels of the pro-inflammatory cytokines interleukin (IL)-6, tumour necrosis factor (TNF)-α, and IL-1β were significantly increased in tumour-bearing and cisplatin-treated animals, and this was prevented by ghrelin co-administration (see Supporting Information, *Figure S2*).

Effect of ghrelin on myotube breakdown, protein synthesis, and proteolysis changes induced by cisplatin *in vitro*
------------------------------------------------------------------------------------------------------------------

To further characterize the mechanisms mediating the effects of cisplatin and ghrelin in cachexia, C2C12 myotubes were treated with vehicle, cisplatin, ghrelin, or ghrelin + cisplatin. Cisplatin induced a significant decrease in myotube size and myosin heavy chain content, and these changes were prevented by ghrelin (*Figure* [3A](#fig03){ref-type="fig"}--D). Cisplatin increased the expression of atrogin-1, MuRF-1, p38, and myostatin and decreased the expression of Akt, myoD, and myogenin, and these changes were prevented by ghrelin (*Figure* [4](#fig04){ref-type="fig"}). Direct measurements of protein synthesis and degradation in myotubes treated with cisplatin or cisplatin + ghrelin followed the same pattern confirming the relevance of these changes (protein synthesis after 24 h measured by [l]{.smallcaps}-\[3,5-3H\]tyrosine incorporation compared to control samples: cisplatin 53.00 ± 2.00%, C + G 75.50 ± 3.50%, ghrelin 114.00 ± 2.00%, *P* \< 0.01; protein degradation after 24 h measured by [l]{.smallcaps}-\[3,5-3H\]tyrosine release compared to control: cisplatin 127.98 ± 2.14%, C + G 102.57 ± 2.86%, ghrelin 76.57 ± 4.52%, *P* \< 0.01).

![Ghrelin improves cisplatin-induced myotubes breakdown. (A) Immunofluorescence staining for anti-myosin/myosin heavy chain (MHC) antibody in C2C12 myotubes. MHC staining outlines the myotubes (red). 4\'6-Diamidino-2-phenylindole was used to stain the nuclei (blue). (B) Myotubes size expressed as % from vehicle. (C--D) Western blot of MHC and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in C2C12 myotubes. V, vehicle-treated group; C, cisplatin-treated group; CG, cisplatin + ghrelin-treated group.](jcsm0006-0132-f3){#fig03}

![Ghrelin prevents cisplatin-induced changes in protein synthesis and degradation *in vitro*. (A) mRNA levels for myoD, myogenin, atrogin-1/MAFbx, MuRF-1, and myostatin normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed as fold change form vehicle. (B) Western blot of cisplatin- and ghrelin-treated C2C12 myotubes (I). Atrogin-1/MAFbx (II), Myostatin (III), and MyoD (IV) are normalized to GAPDH, p-Akt (V) to total Akt and p-p38 (VI) to total p38. V, vehicle-treated group; C, cisplatin-treated group; CG, cisplatin + ghrelin-treated group.](jcsm0006-0132-f4){#fig04}

Nuclear C/EBP-β and FoxO1/3 were significantly increased by cisplatin and prevented by ghrelin in C2C12 myotubes (*Figure* [5A](#fig05){ref-type="fig"}). We then confirmed the importance of these pathways on myostatin expression using a construct expressing luciferase alongside the FoxO1/3, SMAD 2/3, and C/EBP-β binding sites in the myostatin promoter. As shown in *Figure* [5B](#fig05){ref-type="fig"}, cisplatin induced activation of the myostatin promoter, and this was prevented by ghrelin. We also used a different construct with intact or mutated FoxO1/3 and C/EBP-β binding sites in the atrogin-1 promoter to test the relative contribution of these two transcriptional factors to atrogin-1 activity. As shown in *Figure* [5C](#fig05){ref-type="fig"}, FoxO1/3 and C/EBP-β both significantly contribute to the activation of the atrogin-1 promoter similarly.

![Mechanism of action of ghrelin in C2C12 myotubes. (A) Western blot of transcriptional factor in nuclear extracts. (I) Blot and quantification of C/EBP-β (II) and FoxO1 (III) in nuclear protein, Lamin A was used as the reference. (B) Luciferase assay of myostatin promoter. Map of myostatin promoter (top), which includes the FoxO, drosophila mothers against decapentaplegic protein (SMAD), and C/EBP-β DNA-binding sites and linked to a vector containing luciferase. The relative luciferase activity (bottom) is expressed as fold change from vehicle. (C) Luciferase assay of atrogin-1/MAFbx promoter. Top is the map of atrogin-1/MAFbx promoter, pA includes the C/EBP-β and FoxO DNA-binding sites. pA-C/EBP-β-M includes a mutant C/EBP-β site and a normal FoxO site. pA-FOXO-M includes a mutant FoxO site and a normal C/EBP-β site. The relative luciferase activity expressed as fold change from vehicle (bottom).V, vehicle-treated group; C, cisplatin-treated group; CG, cisplatin + ghrelin-treated group; G, ghrelin-treated group.](jcsm0006-0132-f5){#fig05}

Survival
--------

Tumour mass was no different between animals treated with vehicle and ghrelin (tumour mass for T + V 5.87 ± 1.08 g, and for T + G 6.54 ± 1.89 g, *P* =0.756). Survival was decreased in tumour-bearing animals, and this was significantly improved by ghrelin administration (*Figure* [6](#fig06){ref-type="fig"}). The cisplatin regimen used was not lethal.

![Ghrelin increases survival in Lewis lung carcinoma (LLC)-induced cachexia (Kaplan--Meyer curve). Days survived from when tumours were noted and ghrelin and vehicle injections started (approximately 7 days after LLC cell inoculation). T+V, tumour + vehicle; T+G, tumour + ghrelin.](jcsm0006-0132-f6){#fig06}

Discussion
==========

Cachexia is a devastating complication of cancer that contributes to a decrease in quality of life and early demise in individuals with this condition.[@b2] Paradoxically, it is exacerbated by the administration of chemotherapeutic drugs such as cisplatin, and cachexia is often a dose-limiting side effect of these agents. Muscle atrophy contributes the most to a decrease in functionality in cancer patients, and it is associated with an increased risk of chemotherapy-induced toxicity[@b23] and poor outcome. In spite of its significance, the mechanisms underlying cancer- or chemotherapy-induced muscle atrophy are incompletely understood.

The gastric hormone ghrelin causes weight gain by increasing food intake and by food intake-independent mechanisms[@b8],[@b24]--[@b26], and ghrelin or ghrelin receptor agonists have been proposed as potential therapies for cancer cachexia as they may improve anorexia, muscle mass and strength, and weight loss in patients with cancer, particularly those receiving cisplatin-based chemotherapy.[@b27],[@b11] However, their mechanisms of action in muscle remain to be fully elucidated.

In this study, tumour-bearing and cisplatin-treated animals developed marked muscle atrophy and weakness that were associated with activation of the ubiquitin-proteasome pathway. Phosphorylated Akt, which is known to down-regulate this pathway through phosphorylation of the transcriptional factor FoxO1-3,[@b28] was decreased by tumour or cisplatin. These changes were prevented by ghrelin administration in both models suggesting that ghrelin\'s effects are mediated through the ubiquitin-proteasome pathway in these settings. It is noteworthy that LLC cells from different suppliers behave somewhat differently in terms of their capacity in inducing muscle catabolism and activating related signalling pathways. For example, in this study, we used LLC cells from ATCC, which take 28 days to fully develop cachexia and induce MuRF1 up-regulation through Akt-mediated FoxO activation. However, LLC cells from National Cancer Institute (NCI) require only half of the time period to develop cachexia, yet, without activating FoxOs and up-regulating MuRF1.[@b29] It is also important to notice that the relative contribution of this pathway to cancer cachexia in humans is not well understood with some[@b30] but not all studies[@b31] showing an increase in protein degradation through this pathway.

The inflammatory cytokine IL-6 is increased in the setting of cancer, and it may decrease Akt phosphorylation through activation of the suppressor of cytokine signalling-3.[@b21] Other inflammatory cytokines such as IL-1β and TNF-α may play an important role in inducing cachexia by activating nuclear factor kappa-B and MAP kinases including p38.[@b32] Ghrelin has been shown to down-regulate inflammation in the setting of LPS-induced sepsis and chronic kidney disease.[@b13] Whether this is also true in the setting of cancer is not known. Here, we show that tumour implantation and cisplatin administration increased circulating cytokine levels, and these changes were prevented by ghrelin co-administration. These results suggest that the effects of ghrelin in this setting may be mediated through its anti-inflammatory effects, at least in part.

The MAP kinase p38 has been shown to play a role in the development of cachexia and to be activated by inflammation.[@b32]--[@b36] However, its specific role is controversial with reports of p38 increasing in the setting of cancer cachexia[@b29] or decreasing in the setting of dexamethasone-induced muscle wasting.[@b16] Moreover, ghrelin was shown to decrease p38 activation in C2C12 cells.[@b37] We found the phosphorylated levels of p38 to increase with tumour or cisplatin administration and that ghrelin prevented these changes. The increase in p38 activation we describe is consistent with previous tumour models, and the down-regulation of this pathway with ghrelin suggests that its effects in the setting of muscle wasting may depend in part on the model used, down-regulating it in models where inflammation plays a role (i.e. cancer-induced cachexia) but not in other non-inflammatory models of wasting (i.e. dexamethasone-induced muscle atrophy).

Muscle wasting in cancer cachexia also has been associated recently with up-regulation of myostatin. Myostatin, a member of the Transforming growth factor beta (TGF-β) family made in muscle, is known to activate the activin receptor IIB and to reduce Akt signalling.[@b38],[@b39] Moreover, targeting this pathway has been shown to ameliorate cachexia.[@b17] In our study, myostatin was significantly up-regulated by tumour implantation and by cisplatin, and this was prevented by ghrelin administration. This is in contrast to a recent report of ghrelin not preventing the increase in myostatin induced by dexamethasone.[@b16] Given that p38 mediates its effects through C/EBP-β and that C/EBP-β activation, in turn, induces the expression of myostatin,[@b40] we then tested the relevance of this pathway by using different constructs. Cisplatin induced an increase in nuclear C/EBP-β and myostatin in C2C12 cells confirming activation of the p38/C/EBP-β/myostatin pathway in this setting. Moreover, ghrelin prevented these changes. Taken together, these data suggest that ghrelin may prevent myostatin activation through inactivation of p38 and C/EBP-β. This could potentially explain why ghrelin previously failed to decrease the expression of myostatin induced by dexamethasone, a model where stimulation of p38 was not seen.

The myogenic regulatory factors MyoD and myogenin have been shown to play an important role in tumour-induced cachexia by regulating muscle regeneration and are regulated by Akt phosphorylation, p38, myostatin and TNF-α.[@b41],[@b42] Their expression levels decreased in both models suggesting that satellite cell proliferation and muscle cell differentiation and regeneration may be impaired. These changes were also prevented by ghrelin administration *in vivo* in both models. This points out to a potential new mechanism for ghrelin to ameliorate cachexia.[@b43]

We also developed a model of cisplatin toxicity in C2C12 cells to determine if the effects of cisplatin were due to a direct effect on muscle cells. Administration of cisplatin to C2C12 cells induced myotube atrophy, and this was associated with activation of p38, myostatin, and the ubiquitin ligases atrogin-1 and MuRF-1 along with down-regulation of Akt and the regenerative pathway (MyoD and myogenin) as we had demonstrated *in vivo*. This suggests that cisplatin exerts at least part of its effects directly on muscle and is in agreement with a previous report of cisplatin inducing myotube atrophy through Akt down-regulation.[@b44] The effects of cisplatin treatment on C2C12 cells also may represent disruption of the process of differentiation, and it has been suggested before that ghrelin may restore this process.[@b37] Ghrelin increased food intake, and this is thought to mediate some but not all of its effects in this setting as we[@b8] and others[@b45] have recently shown. These *in vitro* studies suggest that ghrelin exerts its effects at least in part directly on muscle cells, independently of its orexigenic effects as suggested by these previous studies.

The only identified receptor for ghrelin to this date is the GHSR-1a, and this receptor is not expressed in muscle tissue or C2C12 cells.[@b46],[@b16] Nevertheless, recent reports suggest that some of ghrelin\'s effects are not mediated through this receptor.[@b47],[@b16] Our *in vitro* studies show that ghrelin may prevent atrophy induced by cisplatin in the absence of GHSR-1a. Very recently, the corticotrophin-releasing factor receptor 2 has been postulated to mediate some of ghrelin\'s effect on glucose metabolism.[@b48] Future studies should focus on this or other alternative pathways that could explain ghrelin\'s effects in the absence of GHSR-1a.

Lastly, ghrelin administration lead to increased survival in tumour-bearing animals, indicating that the benefits of improving muscle mass go beyond simply an increase in functionality. This is also relevant given the potential concerns for an anabolic agent like ghrelin in inducing tumour growth and worsening outcomes. Although *in vitro* studies have given conflicting results with some showing an increase and some showing a decrease in cell proliferation with ghrelin administration,[@b49],[@b50] all *in vivo* models and human studies where ghrelin or ghrelin mimetics were used have not shown an increase in tumour proliferation, although none of these studies previously reported survival.[@b51],[@b52]

In summary, we show here how multiple pathways interact and are involved in the development of cachexia, either induced by a tumour or, paradoxically, by the chemotherapeutic agent cisplatin. Activation of p38/C/EBP-β, myostatin, and inflammatory cytokines, and a decrease in Akt and Myogenin/myoD ultimately lead to increased proteolysis, decreased muscle mass, and strength. The novel hormone ghrelin prevents muscle atrophy by decreasing inflammation, by down-regulating the p38/C/EBP-β/myostatin pathway, and by increasing Akt phosphorylation and activating myogenin and myoD. The increase in muscle strength and survival induced by ghrelin in tumour-bearing animals highlights the clinical relevance of these findings.
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**Figure S1.** Ghrelin prevents the decrease in myofiber size caused by tumour or cisplatin. (*A*) Immunofluorescence staining for anti-laminin antibody of TA muscles in LLC-induced cachexia. Laminin staining (green) outlines myofibers. Dapi was used to stain the nuclei (blue). (*B*) Immunofluorescence staining for anti-laminin antibody of TA muscle in cisplatin-induced cachexia. (*C*) Average cross-sectional area of myofibers in LLC-induced cachexia. (*D*) Average cross-sectional area of myofibers in cisplatin-induced cachexia. HK-V represents the group injected with heat-killed (HK) LLC and vehicle. T-V and T-G group represent animals inoculated with LLC (10^6^ cells) receiving vehicle (saline) or ghrelin (0.8 mg/kg twice daily), respectively. V, vehicle-treated group, C, cisplatin-treated group; CG, cisplatin + ghrelin-treated group; G, ghrelin-treated group. \**P* \< 0.05, \*\**P* \< 0.01, compared to HK-V or vehicle group; §*P* \< 0.05, §§*P* \< 0.01 compared to T-V or C group.

**Figure S2.** Serum IL-6, TNF-α, and IL-1β levels in LLC-induced cachexia (*A*) and cisplatin-induced cachexia (*B*). Ghrelin prevents the increase in these pro-inflammatory cytokines induced by tumour- and cisplatin-induced cachexia. \* *P* \< 0.05 comparing to HK-V or vehicle group; §*P* \< 0.05 comparing to T-V or C group.
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